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Introduction 2,4-Dialkylamino-l,3,5-triazines such as 2-chloro-4-diethylamino-6-isopropylamino-l,3,5-triazine (atrazine) were introduced as herbicides in 1952 by CIBA -G EIG Y AG (Uem ura et al., 1988) and subsequently widely used around the world. Studies on herbicidal activity, mode of action, quantitative structure activity relationship and so on have been described in many reviews (van R ensen et al., 1993; Trebst, 1987; Mitsutaka et al., 1986) . They inhibit photosynthetic electron trans port (PET) by displacing plastoquinone from the Q B-binding niche of the D1 protein in the photosystem-II reaction center (Oettmeier, 1999; Koike et al., 1989; Tietjen et al., 1993) . Although the triazine herbicides have contributed to weed control for many years, they are now phasing out due to occurrence of triazine-resistant weeds, 60 plants were found to be triazine-resistant in 1997 (Kohno et al., 2000) .
Previously, we have reported on the herbicidal activity of novel 2-benzylamino-l,3,5-triazines (Kuboyama et al., 1998) . In our synthetic and bio assay programs, 2-benzylamino-4-methyl-6-trifluoromethyl-l,3,5-triazines, e.g. 2-(4-bromobenzylamino)-4-methyl-6-trifluoromethyl-l ,3,5-triazine and 2-(3-chlorobenzylamino)-4-methyl-6-trifluoromethyl-l,3,5-triazine, exhibited both strong PET inhibitory and high herbicidal activity . Especially they have been found to exhibit a strong PET inhibition against both wildtype and atrazine-resistant thylakoids from Che nopodium album (Kohno et al., 2000) . 0939-5075/2001/0300-0203 $ 06 .00 © 2001 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com • D Chemicals 2-Benzylamino-4-methyl-6-trifluoromethyl-1,3,5-triazines (1-3) were prepared according to Kuboyama et al. (1998; 1999) . The pyrimidines (4-12) were obtained by a nucleophilic replacement reaction of the corresponding chloropyrimidines with corresponding benzylamines. 2-Benzylamino-6-methyl-4-trifluoromethylpyridines (13, 14) were synthesized by a nucleophilic m onoam ination re action of 2-chloro-6-methyl-4-trifluoromethylpyridine with benzylamine and 4-chlorobenzylamine, respectively. 7V-Benzyl-3-methyl-5-trifluoromethylaniline (15) was prepared by reduction of Nbenzyliden-3-methyl-5-trifluoromethylamiline (e) with LiAlH4, which was obtained via reduction of 3-trifluoromethyl-5-nitrobenzoic acid (a) with B H 3-THF, brom ination of 3-trifluoromethyl-5-nitrobenzylalcohol (b) with CBr4-TPP, reduction of 3-bromomethyl-5-nitrobenzotrifluoride (c) using iron powder and conc. hydrochloride and conden sation of 3-amino-5-methylbenzotrifluoride (d) with benzaldehyde. However, the product was a (1:1) mixture of 7V-benzyl-3-methyl-5-trifluoromethylaniline and vV-benzyl-3-methyl-5-difluoromethyl-aniline. In the bioassay we used the mix ture. Atrazine was purchased from Wako Pure Chemicals Industries (Osaka, Japan).
All reaction products were purified through recrystallization and/or column chromatography, and their structures confirmed by IR-and NM R spectroscopy. Melting points were not corrected. IR-spectra were recorded on a JASCO FT/IR-420 spectrophotom eter and NM R spectra m easured in CDC13 on a JE O L JNM-GX400 FT-NMR (400 Hz). The spectroscopical data of 2-benzylamino-4-methyl-6-trifluoromethyl-l,3,5-triazines (1 -3 ) are shown in our previous papers (Kuboyama et al., 1998; Kuboyama et al., 1999) . Spectroscopical data of compounds (4-15) are docum ented in Sec tion below.
2-Benzylamino-4-methyl-6-trifluoromethylpyrimidine (4)
To a solution of 2-chloro-4-methyl-6-trifluoromethylpyrimidine (590 mg, 3 mmol) in 10 ml of tetrahydrofuran, benzylamine (375 mg, 3.5 mmol) and triethylamine (354 mg, 3.5 mmol) were added.
Materials and Methods
A fter stirring at room tem perature for 4 h, the mixture was concentrated under reduced pressure. The residue was poured into 10 ml of w ater and extracted with dichloromethane. 2-Benzylamino-4-methyl-6-trifluoromethylpyrimidine (4) was purified by column chromatography over silica gel using ethyl acetate : n-hexane = 1 : 6 (v/v) 2-Benzylamino-6-methyl-4-trifluoromethylpyridine (13)
To a solution of 2-chloro-6-methyl-4-trifluoromethylpyridine (1.0 g, 0.0051 mol) in 15 ml of tetrahydrofuran, benzylamine (1.1 g, 0 .0 1 mol) and triethylamine (1.04 g, 0.01 mol) were added. The m ixture was refluxed for 12 h. The mixture was poured into 2 0 ml of water and extracted with dichloromethane. 2-Benzylamino-4-methyl-6-trifluoromethylpyrimidine (13) was purified by column chromatography over silica gel using ethyl acetate : «-hexane = 1 : 6 (v/v). (3H, m) .) was obtained by reduction of N-benzyliden-3-methyl-5-trifluoromethylaniline (e) with LiAlH4. A fter purification by column chromatography over silica gel, the product was a 1:1 mixture of yV-benzyl-3-methyl-5-trifluoromethylaniline and 7V-benzyl-3-methyl-5-difluoromethylaniline. The mixture was used for the bioassay.
Evaluation o f P E T inhibitory activity using Spinacia oleracea thylakoids
According to the m ethod of Böger (1993) rÜ transport (PET) inhibition was carried out using the oxygen electrode (Rank Brothers Bottisham, Cambridge, England) and the same methods as in our previous paper . The activity was determ ined by the system H 20 -* ■ po tassium ferricyanide, uncoupled by NH4C1. The freshly-prepared thylakoid suspension was diluted to a final concentration of 15 |ig chlorophyll/ml. The m easurem ent was perform ed at 20 °C, for 20 sec in the light with 350 W /m -2 (approx. 35,000 lux); the final solvent concentration for the com pounds added was kept below 1% (v/v). The molar concentration (I50) required for a 50% inhibition was calculated for each compound by the probit method. The p l50 value is the logarithm of the re ciprocal I50. The test results are shown in Table I .
Evaluation o f P E T inhibitory activity using thylakoids from atrazine resistant-mutant or wild-type Chenopodium album
Cultivation of Chenopodium album either atrazine-resistant or wild-type, and isolation of thyla koids were done according to Jansen et al. (1986) and van Rensen et al. (1997) . Chlorophyll content was measured after Bruinsma (1963) , the chloro phyll concentration adjusted to 25 [ig chlorophyll/ ml. For details see our previous paper (Kohno et al., 2000) . The oxygen formed was m easured at 25 °C, during a 20 sec illumination with 350 W /m-2; the final solvent concentration for the compounds added was kept below 1% (v/v). The p l50 values of PET inhibitory activity are shown in Table II .
Determination o f herbicidal activity
Each compound was formulated as a 10% wettable powder. The determ ination of herbicidal ac tivity was carried out by three tests, namely paddy application (pre-emergence), field application (pre-emergence) and foliar application (post emergence). Growth inhibition of compounds was evaluated at 4 or 1 kg a.i./ha. The test plants were Echinochloa oryzicola, Monochoria vaginalis, Scirpus juncoides, Rotala indica, Echinochloa crusgalli, Digitaria ciliaris, Stellaria media and Cheno podium album. Three weeks after treatm ent with the test compounds, the herbicidal activity was as sayed by visual observation of the treated plants in comparison with the untreated control. The her bicidal potency was assessed by a 0 -5 scale where 5 indicates complete kill, and zero indicates no ef fect. The test results are shown in Table III .
Results and Discussion

P E T inhibitory activity o f six-membered nitrogen heterocyclic compounds against Spinacia oleracea thylakoids
The effect of six-membered nitrogen heterocy clic compounds with reduced num ber of nitrogen atom(s) in the 1,3,5-triazine ring on PET inhibi tory activity was examined using Spinacia oleracea thylakoids (Table I) . Assaying compounds with a benzylamino group (1, 4, 7, 10, 13, 15), 2-benzylamino-4-methyl-6-trifluoromethyl-l,3,5-triazine (1 ) was the most potent inhibitor and the p l50 value of 6.85 was higher than that of atrazine (p l50 = 6.73). The p l50 values of three pyrimidines (4, 7, 10), a pyridine (13) and a aniline (15), with less nitrogen-atom (s) in the triazine ring decreased when com pared with 1,3,5-triazine (1). 4-Benzylamino-6 -methyl-2 -trifluoromethylpyrimidine (10) as well as 7V-benzyl-3-methyl-5-trifluoromethylaniline (15) exhibited no strong inhibitory activity. The aniline (15) was a mixture of 7V-benzyl-3-methyl-5-trifluoromethylaniline and N-Benzyl-Smethyl-5-difluoromethylaniline. (See Materials & M ethods) We found PET inhibitory activity in the order 1,3,5-triazine (1) > the 2-benzylaminopyrimidine (4) ^ the 2-methylpyrimidine (7) > the pyridine (13) > the aniline (15) ^ the 2-trifluoromethylpyrimidine (10). With the pyrimidine iso mers, a position-specific effect was observed. The 2-benzylaminopyrimidine (4, p l50 = 6.15) and the 2-methylpyrimidine (7, p l50 = 6.07) showed a bet ter PET inhibitory activity, that of 2-trifluoromethylpyrimidine (10, p l50 = 4.58) was weaker than that of pyrimidines (4, 7) and the pyridine (13, p l50 = 5.31). These findings indicate that a nitrogen atom in the six-membered heterocyclic ring located be tween the methyl and benzylamino group may be essential for the highly active PET inhibitors. Compounds having 4-chlorobenzylamine (2, 5, 8, 11, 14), 2-benzylaminopyrimidine (5, p l50 = 7.17) and 2-methylpyrimidine (8, p l50 = 7.18) exhibited a stronger inhibition than atrazine (plso = 6.73) and 1,3,5-triazine (2, p l50 = 6.98). A poor activity was found with 2 -trifluoromethylpyrimidine (11), which has a carbon atom in the six-membered het erocyclic ring between the methyl and benzylamino group. Also in compounds having 4-bromobenzylamine (3, 6 , 9, 12, 15), introduction of a nitrogen atom produced an excellent PET inhibi tory activity, when placed into the six-membered heterocyclic ring between the methyl and benzylamino group. Especially, the p l50 value of 2-(4-bromobenzylamino)-4-methyl-6-trifluoromethylpyrimidine (6 ) was the highest of the compounds tested. 2-Benzylaminopyrimidines (5, 6 ) and 2-methylpyrimidines (8, 9) having 4-halobenzylamino group exhibited a stronger inhibition than at razine and the 1,3,5-triazines (1-3). Also their ac tivity was about 1 0 times stronger than that of unsubstituted benzylaminopyrimidines (4, 7). These facts indicate that introduction of a halogen at 4-position of the benzene ring in the tested benzylaminopyrimidine isomers may be favorable for enhancing the PET inhibitory activity of unsubsti tuted benzylaminopyrimidines. Kuboyama et al. (1999) reported that the introduction of halogen and trifluoromethyl substituents at 3-and/or 4-position of the benzene ring was advantageous to increase the PET inhibitory activity of the unsub stituted benzylamino-1,3,5-triazines against Spinacia oleracea thylakoids. We are now investigat ing the effect of additional substituents, at the 2 -benzylaminopyrimidines and 2 -methylpyrimidines on PET inhibition. Kohno et al. (2000) reported that benzylamino-1,3,5-triazines (1-3) were highly active in atrazineresistant plants. However pyrimidine isomers, which are superior to benzylamino-1,3,5-triazines (1-3) in PET inhibitory activity against Spinacia oleracea thylakoids, have not been investigated yet. To decide whether binding partners (amino acid residues) of the D1 protein for our synthe sized compounds are same as for atrazine, PET inhibition of our compounds was checked using thylakoids from atrazine-resistant or sensitive Chenopodium album. As shown in Table II , atra zine (pl50 = 6.72) showed a stronger PET inhibi tory activity in sensitive Chenopodium album thy lakoids than in the resistant-type ones (plso = 4.21). The resistance factor R/S [I50 (resistant)/150 (sensitive)] was 324. PET inhibition of pyrimidines (5, 8 , 11) and pyridine (14) against sensitive-type thylakoids was almost the same as against resistant-type thylakoids, and their R/S values were found around 1. For example, the PET inhibitory activities of 2-(4-chlorobenzylamino)pyrimidine (5) were p l50 = 6.26 and 6.44 for the sensitive and resistant type, respectively. With resistant thyla koids, 4-chlorobenzylamino-l,3,5-triazine (2) ex hibited a 500 times stronger inhibition than atra zine, and 2-(4-chlorobenzylamino)pyrimidine (5) yielded an about 1 0 0 times stronger inhibition. With pyrimidine isomers, the position-specific ef fect was also observed as discussed on page 207. PET inhibition of 2-benzylaminopyrimidine (5) was the highest with pyrimidine isomers and 2 -trifluoromethylpyrimidine (11) had no stronger in hibitory activity. This finding implies that a nitro gen atom in the pyrimidine ring between the methyl and benzylamino group may be essential for highly active PET inhibitors. 1,3,5-Triazine (2) exhibited almost the same inhibition against thyla koids from Chenopodium album or Spinacia olera cea. Inhibition by pyrimidine isomers (5, 8 ,11) and pyridine (14) with sensitive Chenopodium album thylakoids was about 1 0 times weaker than with Spinacia oleracea thylakoids. These results show that the synthesized compounds in this study may have different binding partners in the same D1 protein binding niche as atrazine, as indicated for 1,3,5-triazines (1 -3 ) in our previous paper . Herbicidal activities were visually evaluated by the following score scale : 5 = 91 to 100% control (almost kill), 4 = 76 to 90% control, 3 = 51 to 75% control, 2 = 26 to 50% control, 1 = 1 to 25% control, 0 = zero% control (no effect) 2) Dose: kg a.i./ha 3) Eo, Echinochloa oryzicola\ Mv, Monochoria vaginalis; Sj, Scirpus juncoides\ Ri, Rotala indica\ Ec, Echinochloa crus-gallv, Dc, Digitaria ciliaris; Sm, Stellaria media; Ca, Chenopodium album 4) nt; not tested. Table III , the position-specific ef fect was also observed as discussed on page 2 -Benzylaminopyrimidines (4, 5, 6 ) and the 2-methylpyrimidines (7, 8 , 9), which exhibited a higher PET inhibitory activity, showed high herbi cidal activity in the pre-emergence paddy test. The activity of the 2 -trifluoromethylpyrimidine (11), which showed a poor PET inhibition, was weaker. In the pre-em ergence field test and post-emergence foliar test, 2-benzylaminopyrimidine (5) and the 2-methylpyrimidines (7, 8 ) showed high herbi cidal activity, while the 2 -trifluoromethylpyrimidines (11) exhibited a poor herbicidal activity. A l though 2-(4-bromobenzylamino)-4-methyl-6-trifluoromethylpyrimidine (6 ) had the highest PET inhibitory activity of the compounds tested, herbi-
As shown in
